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In Brief Scott et al. present two technologies that enable imaging of global brain dynamics during natural behaviors: a headmounted macroscope with a large field of view and strains of transgenic rats that express a calcium indictor in cortical neurons.
INTRODUCTION
Widefield optical imaging has emerged as a powerful method for the measurement of neural activity at the mesoscopic scale (hundreds of microns to centimeters) (Grinvald et al., 1986) . Functional imaging on the mesoscopic scale has provided a wealth of information about the organization of the nervous system, from discovery of pinwheel centers in the visual cortex (Bonhoeffer and Grinvald, 1991) to the characterization of cortical, retinal, and spinal cord waves during development (Yuste et al., 1995; Wong et al., 1995; Feller et al., 1996; Gu et al., 1994) . Functional maps and global dynamics can be obtained by recording a variety of signals from calcium-dependent fluorescence changes in synthetic and genetically encoded probes to changes in the absorption and scattering of light because of changes in blood flow and the oxygenation level of hemoglobin (Ma et al., 2016) .
Mesoscale imaging has been increasingly applied to measurement of brain dynamics during behavior in rodents (Wekselblatt et al., 2016) . In these experiments, forced restraint is commonly used to stabilize the position of the head and brain relative to the imaging system. Virtual reality and voluntary head restraint have been used to expand the range of behaviors that can be studied using conventional widefield imaging systems (Murphy et al., 2016; Pinto et al., 2017, Soc. Neurosci., abstract) . Head-mounted microscopes provide an alternative to head restraint, allowing neural dynamics to be imaged in an expanded range of behaviors and behavioral states, such as real-world navigation, social interactions, and sleep. A variety of miniaturized implantable fluorescence microscopes have been developed to record calcium signals (Ghosh et al., 2011; Ziv and Ghosh, 2015; Cai et al., 2016; Liberti et al., 2017; Skocek et al., 2018) ; however, these microscopes are designed for cellular resolution imaging and, thus, have a relatively small field of view (FOV < 1 mm 2 diameter). They further lack the functionality to correct for contamination caused by the hemodynamic response, limiting their usefulness in recording large-scale dynamics. Several other head-mounted technologies have been developed to record widefield dynamics (Miao et al., 2016; Ferezou et al., 2006) ; however, none combine the ability to record fluorescence imaging and hemodynamic correction in freely moving animals.
Here we report two novel technologies that facilitate largescale imaging in rats during behavior (Figure 1 ). The first is cScope, a head-mounted macroscope allowing widefield imaging of the cortex (>30 mm 2 ) without the need for head restraint. The device consists of a 3D-printed plastic macroscope body holding the optics, two independent illumination sources for intrinsic signal imaging using reflectance and fluorescence imaging using genetically encoded calcium sensors, and an imaging sensor and its readout electronics. The second technology is strains of transgenic rats that express the genetically encoded calcium sensor GCaMP6f (Chen et al., 2013) under the Thy-1 enhancer (Feng et al., 2000) . These rats exhibit expression of GCaMP6f across the neocortex, hippocampus, cerebellum, and other regions that was strong enough to enable two-photon cellular resolution imaging (two-photon microscopy [2PM]) and single-photon widefield mapping of the cortex. Together, the development of a head-mounted widefield macroscope and transgenic rats expressing genetically encoded calcium indicators allow stable, high signal-to-noise imaging across multiple cortical regions during behavior, which we demonstrate by mapping region-specific differences in activation during an accumulation of evidence task. These technologies expand the domain of head-mounted microscopes to imaging mesoscale brain dynamics and improve the toolkit for cellular resolution imaging in rats.
RESULTS

Design of cScope, a Compact Head-Mounted Widefield Macroscope
Our goal was to produce a macroscope with a FOV large enough to image multiple sensory, motor, and association regions simultaneously while minimizing its overall weight as well as the torque it creates on the animal's head. We called this cortical macroscope cScope to reflect its utility in imaging a large portion of the neocortical surface during behavior. A maximum weight of 35 g was set based on existing head-mounted electrode devices (Kloosterman et al., 2009; Aronov and Tank, 2014) . A value of 25 mm above the cranial window was considered for the center of mass maximal height. The targeted resolution was set to 20 mm, a relatively high value considering the nature of the application. Aiming for the highest fluorescence collection efficiency possible, we set a lower acceptable limit to the numerical aperture (NA) at 0.1. cScope should also be absolutely light-tight. This would not only prevent environmental light from reaching the imaging sensor and corrupting the measurements, but, when done properly, would also allow experiments involving visual stimuli to be performed. Additional considerations were given to the handling of cScope. A single experimenter should be able to install it and remove it from the animal's head. These two operations should be executable in a brief period of time to minimize animal stress. A final consideration in the design of cScope was to ease its dissemination, which involves minimizing its cost. For this reason, we chose not to use custom optics but to rely only on commercially available lenses.
The optical assembly was designed using OpticStudio 16 (Zemax). The resulting imaging path is shown in Figure 2A . Part of the optical design is a 3-mm-thick glass window permanently implanted over the brain area to be imaged following the procedure described in the STAR Methods. The thickness of the glass was selected to provide a high NA and a large FOV. This window is in apposition to the first optical element on the removable macroscope assembly when it is mounted on the subject. The imaging path has a total of seven lenses, all commercially available. Reaching 67 mm in length, it is folded with a dichroic mirror in its middle to lower the center of mass (Figure 2A ).
Capitalizing on an existing open-source head-mounted imaging system, cScope uses the printed circuit board (PCB)-mounted camera chip and data acquisition device hardware and software developed by the ''Miniscope'' project (http:// miniscope.org/index.php/Main_Page). The specific Complementary metal-oxide-semiconductor (CMOS) sensor contains coordinates. An epifluorescence image of the rat brain is overlaid to indicate the approximate size of the camera FOV attained in the current study. Right: cortical activation patterns at two different times. Red pixels indicated high levels of GCaMP fluorescence and blue pixels indicate low levels. This technique allows analysis of neural dynamics across multiple brain regions simultaneously in freely moving animals.
758 3 480 pixels of 6-mm size. Its rectangular shape limits the visible FOV of our macroscope. Stitching together images taken at different angular positions of the camera sensor ( Figure S1A ), the optical system's full FOV (7.8-mm diameter) can be revealed. The dimensions of the visualized brain area are large in comparison with typical sensor size; therefore, in effect, we have designed a de-magnifying instrument (0.703 on the optical axis). The image of a grid, as shown in Figure S1D , reveals the presence of barrel deformation, indicative of a decrease in magnification with distance from the optical axis. Although, at the center, the sensor's 6-mm pixels represent 8.6-mm areas in the brain, pixels at the edge of the FOV represent 9.3-mm specimen regions, a reduction in magnification to 0.643. The barrel deformation can be easily characterized and corrected after acquisition ( Figure S1D ; STAR Methods).
Aside from image deformation, cScope was designed to minimize all other non-chromatic aberrations: spherical, astigmatism, coma, and field curvature ( Figure S1C ). The resulting solution achieves resolution properties above the necessary requirements for our application ( Figure S1B ). The graph in Figure S1B relates the percentage of specimen contrast transferred to the image as a function of the period of line grating. It is known as the contrast transfer function and was measured using a Siemens star target. The value this function reaches zero indicates the resolution of the system. Here we found this value to be around 70 lines pair per mm, or 14 mm. Direct (A) Imaging path of cScope and list of the commercially available lenses used in the design. The elements below the folding dichroic mirror constitute the macroscope objective and includes a diverging lens (L1) in contact with the implanted glass window and a doublet of plano-convex lenses (L2-L3). Two planoconvex lenses are used instead of a single element to minimize the amount of spherical aberration generated. The four elements on the left of the mirror form the tube lens of the macroscope. The far left doublet (L6-L2) is focusing the light on the imaging sensor. The other doublet (L4-L5) reduces the overall aberrations of the macroscope. This is illustrated in the Seidel diagram in Figure S1 , which shows the contribution of each surface to the five different third-order aberrations. (B) Section view of the macroscope assembly, showing the imaging path (left). Cross-section views of the macroscope illustrate the illumination paths of the fluorescence and reflectance sources (right). (C) CAD design of the macroscope, showing the four main parts of assembly: the head plate and 3-mm-thick glass window implant; a collar that screws onto the head-plate and serves both as a structural component that holds the macroscope attached to the animal and as the housing of the green light source used for reflectance imaging; the main part of the macroscope, holding all of the optics as well as the fluorescent light source; and a focusing arm carrying the camera and whose position is adjusted to focus on the brain surface. The complete parts list, the CAD models of the parts, and a detailed guide for macroscope assembly are given in the supplementary material (Methods S1, Figures S2 and S3) and our Github repository (STAR Methods). (D) Schematic cross-section of the animal implant, showing the rat brain, the glass window (to scale), and the titanium head plate.
observation of a 1951 resolution United States Air Force test target confirmed this measurement.
The Zemax model predicts that the NA has a minimum of 0.15 at the edge of the FOV and a maximum of 0.22 at the center, resulting in a fluorescent signal collection twice higher at this location ( Figure S1E ). Imaging of a thin fluorescein solution sample illuminated by an external homogeneous light source experimentally confirmed the magnitude of this variation across the FOV.
The fluorescence light source is a PCB-mounted light-emitting diode (LED) which was also adapted from the Miniscope project. Two additional lenses to properly direct the LED light and an excitation filter to narrow its spectral band are positioned above the dichroic filter ( Figure 2B ; Figure S2C ). As with any imaging system, the ability to gather signals is not constant across the full FOV. We quantified these variations, detailing the individual contributions of the fluorescence excitation light intensity profile and the spatial profile of collection efficiency in Figure S1E .
We found that a single filter was not sufficient to filter out the background signal and added to our design a second one in close proximity to the imaging sensor ( Figure 2B ; Figure S2B ).
The structural parts (Figures 2B and 2C) were designed using Autodesk Inventor. To produce a lightweight, compact, and light-shielded assembly, the mechanical parts of cScope require a complex design that can be produced at a reasonable cost by 3D printing. We determined that stereolithography, a process that uses a liquid photopolymer cured by a UV laser beam and post-cured at elevated temperature, gave sufficient precision and reproducibility for the macroscope body.
The fully assembled device is comprised of three components: the macroscope body, described above; the head plate and glass window surgically implanted onto the skull of the animal; and a hemodynamic illumination collar ( Figure 2C ; Figure S2A) . The illumination collar screws onto the head plate and serves two functions ( Figures 2B and 2C) . First, it acts as a mechanical support for the macroscope body. Second, it houses a ring of four 530-nm LEDs used for reflectance illumination of cortical intrinsic signal changes used for hemodynamic correction. Before each imaging session, the experimenter attaches the macroscope body to the collar locking it in place with a set screw. A set of pins attached to the macroscope body connect to their counterparts located in the illumination collar, providing current to power the 530-nm LED circuit. At the end of the imaging session, the experimenter replaces the macroscope body with a dust cover that provides protection for the cranial window and LEDs when the rat is returned to its home cage ( Figure S3 ).
Green 530-nm LEDs for intrinsic imaging and the blue 480-nm LED for fluorescence imaging are powered by independent the metal-oxide-semiconductor field-effect transistor operated circuits controlled by an Arduino board receiving the firing output signal of the CMOS camera ( Figure S2H ). This circuitry also correctly times the LED power relative to the integration frame time of the camera and produces alternation of illumination at the two wavelengths.
The weight of the macroscope, including the head plate, the window, the collar, and the small portion of cable carried by the animal, sums up to 33 g. This weight is lower than several head-mounted motorized microdrive electrode arrays (Yamamoto and Wilson, 2008; Aronov and Tank, 2014) , and, in proportion to the animal weight, comparable with mouse head-mounted microscopes (Cai et al., 2016) . We therefore expected the apparatus to have a negligible effect on the animal's behavior.
The complete parts list, computer-aided design (CAD) models, 3D printing-ready formatted files, as well as the detailed procedure to assemble all components are available online (STAR Methods; Methods S1). An overview of the assembly steps is shown in Figure S2 .
We developed both an 8 3 8 mm and an 8 3 4 mm cranial window procedure for cortical imaging. Custom cranial windows were implanted over the dorsal cortex (see Table 1 ), allowing optical access to up to 10% of the total cortical surface area (Figure S1A ). These windows could be implanted over the midline using a modified procedure for bone removal over the sagittal sinus to prevent bleeding (Low et al., 2014) , allowing simultaneous imaging of both the left and right cerebral hemispheres. These implants were stable, allowing optical access to the cortical surface for more than 3 months after surgery.
Development of Transgenic Rats Expressing GCaMP6f in Neurons
In rats, expression of genetically encoded calcium sensors (GECIs) is typically achieved using direct injection of adenoassociated viruses (AAVs) carrying the GECI transgene (Scott et al., 2013) . However, because the imaging FOV possible with cScope greatly exceeds the region of tissue labeled by standard AAV-based expression techniques (typically less than 1 mm in diameter), we sought an alternative labeling strategy. One approach to achieve broader tissue expression is the production of transgenic animals in which pan-neuronal enhancers drive GECI expression throughout the nervous system. This technique has been widely used in mice (Madisen et al., 2015) , zebrafish (Ahrens et al., 2012) and C. elegans and D. melanogaster (Tian et al., 2009) ; however, so far, no transgenic rats expressing GECIs have been produced.
We generated strains of rats that carry the gene for GCaMP6f under control of the Thy-1 enhancer. Linearized DNA containing the expression cassette was injected into single-cell embryos and returned to host mothers. After birth, rats derived from injected embryos were screened by PCR for the presence of the integrated transgene. Upon sexual maturation, founders were bred to wild-type rats, and progeny (F1) were examined for transgene expression by fluorescence microscopy. Two strains, Thy1-GCaMP6f-7 (Figure 3 ) and Thy1-GCaMP6f-9 (Figure 4) , were identified that exhibited strong GCaMP6f expression in the cerebral cortex and other forebrain regions. Figures 3E-3G and 4C) , and the cerebellum ( Figure 4D ). Labeled cells also expressed the neuronal marker NeuN. In the cortex, the position and morphology of labeled cells were consistent with a pyramidal neuron phenotype in layer 2/3 and layer 5. In the hippocampus, GCaMP expression was prominent in the pyramidal layer of CA1 and in the granule cells of the dentate gyrus. As expected from similar techniques used in mice (Feng et al., 2000; Dana et al., 2014) , each rat strain differed in the level and spatial distribution of GCaMP6f. For example, in the Thy1-GCAMP6f-9 line, expression was particularly strong in cerebellar granular cells ( Figure 4D, right) . This analysis suggested that these transgenic rats exhibited strong neuronal expression of GCaMP6f throughout the forebrain and motivated us to examine fluorescence signals in vivo.
To determine whether transgene expression was strong enough to enable widefield imaging of mesoscale calcium dynamics, we used a single-photon approach to map the boundaries of the primary visual cortex ( Figures 5A-5D ). Anesthetized rats (n = 5) viewed an LCD screen as a checkerboard stimulus drifted across the visual field in each the four cardinal directions ( Figure 5A ). While the rats viewed the stimulus, we imaged GCaMP fluorescence changes in a 4 3 4 mm region centered on the boundary between the primary visual cortex (V1) and the medial portion of the secondary visual cortex (mV2) using a tabletop widefield microscope (STAR Methods). The stimulus produced large amplitude fluorescence dynamics, allowing retinotopic mapping of V1 and portions of V2 ( Figures 5B-5D ). The size, orientation, and position of V1 was similar across all rats and consistent with previously described retinotopic maps produced by single-unit electrophysiological recordings (Espinoza and Thomas, 1983) and intrinsic imaging (Gias et al., 2005) .
Although our focus in the present study was on widefield imaging, we also evaluated Thy1-GCaMP6f-7 rats for cellular resolution functional imaging in cortical neurons using 2PM (STAR Methods). GCaMP-labeled neurons were readily observed in superficial layer 2/3 using conventional 2PM techniques, and all neurons examined exhibited nuclear exclusion of GCaMP fluorescence ( Figure 5E ). Transgene expression was widespread and relatively homogeneous across the dorsal cortex ( Figure 5F ). Labeling was sufficient to allow recording of spontaneous dynamics and evoked responses from neurons 200 mm deep with conventional 2PM (Figures S4A and S4B ; Video S1). GCaMP expression did not produce obvious signs of toxicity, including nuclear localization of GCaMP fluorescence or epileptiform activity ( Figures S4C and S4D ). Variability in expression levels between animals (Table 2) was similar to that seen using the Thy-1 enhancer to drive GCaMP6f expression in transgenic mice (Dana et al., 2014) . Together, these results suggest that these transgenics present a potentially useful alternative to viral labeling for either 2PM or single-photon techniques in rats.
Comparison with Conventional Microscopes
To evaluate the performance of cScope in vivo, we first compared cortical dynamics recorded using this macroscope in anesthetized rats with dynamics recorded using a conventional widefield epifluorescence microscope similar to those used in previous studies (Ratzlaff and Grinvald 1991) . Animals were anesthetized using 1% isoflurane in air and placed in a restraint apparatus (see STAR Methods for details). Imaging with both devices revealed slow-frequency (<1 Hz) whole-field oscillations across the cortex in GCaMP6f transgenic rats ( Figures  S5A-S5C ). The magnitude and frequency of these oscillations was quantitatively similar across the two microscopes. Next, we performed the retinotopic mapping procedure described above and compared the maps of the visual cortex generated using cScope and the conventional scope ( Figure S5D ). Both imaging procedures yielded maps of the primary visual cortex with similar contrast to noise (Figures S5E and S5F) . Together, these results suggest that the head-mounted scope captures similar dynamics and response amplitudes compared with conventional widefield microscopes.
Effect of the Head-Mounted Scope on Spontaneous Behavior
To evaluate the effect of the weight of cScope on motor activity and social interactions, we recorded cortical dynamics and behavioral videos in an open-field environment. Implanted rats were transferred to a 0.5 3 0.5 m recording arena, and cScope was attached to an animal's head. Although it was their first experience carrying the device, rats adapted to the weight and bulk of cScope within the first few minutes after attachment. The animal readily explored its new environment and displayed a number of natural behaviors, including moving around the arena, approaching its cage mate, nose touch, grooming, feeding, standing on the hindfeet, sniffing, and whisking (Deschê nes et al., 2012). During navigation, grooming, and feeding, the imaging field was remarkably stable, and we did not observe a significant effect on the natural behavior of the animal because of the mass and bulk of cScope (Video S2).
Evaluation of Hemodynamic Correction
Fluctuations in brightness of GCaMP6f-labeled neurons are typically caused by multiple effects: changes in GCaMP6f fluorescence efficiency because of free calcium concentration and differences in the absorption of excited or emitted light because of changes in the surrounding tissue, such as increased blood flow (Ma et al., 2016) . To control for the influence of hemodynamics on the recorded GCaMP6f signal, images were acquired at either 30 Hz or 60 Hz with a stroboscopic illumination pattern in which 480-nm and 530-nm LED illumination was interleaved and synchronized with camera frame acquisition (Bouchard et al., 2009; Figures 6A and 6B) . This effectively reduced our imaging frame rate to 15 Hz and 30 Hz, respectively, but allowed us to estimate the change in fluorescence signal because of hemodynamics. Correction was achieved by applying a divisive normalization scheme that has been described previously (Ma et al., 2016; Kramer and Pearlstein, 1979; Figures S6 and S7; STAR Methods) .
To evaluate the performance of our hemodynamic correction algorithm, we examined the effect of correction on four artifacts that are produced by changes in blood flow. First, we examined the response of the visual cortex during a 2-s stimulus presented to the contralateral visual field (Figures 6C and 6D ; STAR Methods). Before correction, the GCaMP6f fluorescence signal began to decline well before termination of the visual stimulus and then dropped below baseline for several seconds before recovery ( Figure 6C , blue line). The time course of this decline and recovery mirrored the dynamics observed with 530-nm illumination ( Figure 6C , green line). After correction, the GCaMP fluorescence signal remained elevated for the duration of the stimulus and then decayed to baseline ( Figure 6C , black line). Next, we examined the effect of hemodynamic correction on the visibility of surface vasculature in the spatial maps of GCaMP activation ( Figure 6D ). As expected, surface vasculature produced a significant spatially localized reduction in GCaMP fluorescence during the hemodynamic response ( Figure 6D ). Hemodynamic correction removed the pattern of vasculature from the spatial map of activity. We also examined the effect of correction on slow-timescale visible changes in the vasculature that were associated with the beginning of an imaging session during behavior. Prior to correction, GCaMP fluorescence increased over the first 10 min of the imaging session, corresponding to a period of vasoconstriction. Correction dramatically reduced the slow-timescale changes from the GCaMP fluorescence signal ( Figure S7C ). Finally, the hemodynamic correction procedure was effective at reducing the influence of the cardiac cycle on GCaMP fluorescence. A well-documented artifact observed during widefield imaging is an oscillating signal produced by the heartbeat of the animal (pulse; for example, see Shoham et al., 1999) . Indeed, before applying the hemodynamic correction procedure, there was a significant modulation of the signal intensity recorded at 480 nm in the 5-to 8-Hz range ( Figures S7A and S7D ). After application of the divisive normalization procedure, the power in the pulse range was significantly reduced (Figures S7D and S7E) . Together, these results suggest that, consistent with previous work (Ma et al., 2016) , the divisive normalization strategy for hemodynamic correction used by cScope was effective at reducing the contamination of the GCaMP signal by known hemodynamic artifacts.
Imaging Global Brain Dynamics during Behavior
We next sought to evaluate whether spatio-temporal patterns of activity related to behavior could be detected during a decisionmaking task. We reasoned that evidence-based decisionmaking tasks would provide a useful context to evaluate the performance of the mesoscale imaging in transgenic rats with cScope. Although evidence-based decision-making tasks are thought to involve neural dynamics across multiple brain regions, most previous studies in animal subjects have focused on the dynamics of single neurons. More recently, 2PM calcium imaging has allowed simultaneous recordings of groups of neurons from a single region (Morcos and Harvey, 2016; Scott et al., 2017) ; however, the mesoscale dynamics remain unexplored. Therefore, it will be useful to complement cellular resolution electrophysiological and imaging studies with large-scale recording to allow multiple regions to be observed simultaneously.
We trained Thy1-GCaMP6f-7 rats (n = 2) to perform a pulsebased visual accumulation of evidence task we developed previously (Scott et al., 2015; Figures 7A and 7B) . In this task, subjects initiate a behavioral trial by inserting their nose into the center port of an operant training chamber. Subjects maintain their nose position while a sequence of brief flashes (10 ms) are presented from a left and a right LED (up to eight on each side). An auditory ''go'' cue indicates that they are free to orient to a left-or right-side nose port to obtain a water reward. In each trial, the timing and number of flashes are randomly determined, and subjects are rewarded for orienting to the side with the greater number of flashes. In a previous study, we determined that rats solve this task using an accumulation process in which they combine evidence from early and late flashes to make their decision (Scott et al., 2015) . The performance of transgenic, implanted rats was similar to wild-type rats ( Figure 7C ).
Rats were implanted with the cranial window (8 mm 3 4 mm) and head plate assembly centered over a point approximately 4 mm posterior and 2.75 mm to the right of the bregma (Figure 7D) . Estimates based on stereotaxic coordinates suggested that a craniotomy of this size and position would allow optical access to the primary and secondary visual cortex (V), parietal association cortex (P), somatosensory cortex (S), motor cortex (M), and retrosplenial cortex (R) (Paxinos and Watson, 1998) .
After recovery, rats were transferred to the imaging setup, where we recorded cortical dynamics during the accumulation task. Frame-to-frame displacements in the anteroposterior (AP) and Mediolateral dimensions were less than one pixel, small enough to be effectively corrected offline by commonly used software ( Figure S6F ).
Next we examined the cortical response to individual flashes (Figures 7E-7G ; Figure S8 ; Video S3). In this task, the flashes are separated in time by a minimum of 250 ms, allowing us to record the transient response to individual flashes without contamination from other stimuli. During the cue period, both left and right flashes produced activation of multiple portions of the right V1 and V2. These patterns were consistent across imaging sessions and similar across rats. Activation was strongest for flashes presented on the contralateral hemifield. These observations are consistent with previous cellular resolution imaging experiments during evidence accumulation that showed transient activation of visual areas to visual evidence (Scott et al., 2017) .
Next we examined how cortical activity patterns changed throughout a behavioral trial (Figure 8 ; Videos S4 and S5). On average, there was a reduction of GCaMP6f fluorescence throughout the entire FOV cue presentation period of the trial (Figures 8B and 8C ; Video S4). This decay was particularly strong in the more anterior part of the FOV, corresponding to portions of the motor and somatosensory cortices. The opposite pattern of activation was evident during the response period of the task in which the animal oriented to the left or right reward port (Figures 8E and 8F, bottom; Video S5) . Visual cortical regions were most active during the cue period ( Figures 8B, 8C , and 8E, top left), and different portions of the visual cortex exhibited different temporal dynamics ( Figure 8E , top right). The observed pattern in the occipital and parietal cortex is similar to the dynamics observed with cellular resolution calcium imaging experiments during pulse-based accumulation tasks (Scott et al., 2017) .
Finally, we analyzed how the responses at each position (pixel) differed across trial types (STAR Methods). The mesoscale dynamics during the cue and response period were modulated by behavioral choice and stimulus identity ( Figure 8F ). During the cue period, stimulus identity could be inferred based on the activity of individual pixels within the visual cortical regions ( Figure 8F, top) , whereas, during the response period, behavioral choice could be predicted by activity in parietal regions (Figure 8F, bottom) . Together, these data are consistent with a model in which multiple brain regions are recruited during complex behavioral tasks and demonstrate that cScope can provide precise spatio-temporal maps of cortical dynamics during behavior. These maps suggest potential new targets for circuit-level manipulation or cellular resolution recording studies.
DISCUSSION
Here we report the development of a head-mounted widefield macroscope capable of imaging a 7.8 mm 3 4 mm FOV in freely moving animals. We also report the creation of strains of transgenic rats that express the genetically encoded calcium sensor GCaMP6f in the neurons of the neocortex and other forebrain regions. We demonstrate that these technologies can be combined to image calcium dynamics across large tracts of the forebrain in rats during decision-making, navigation, and social behavior. Our results extend the emerging field of head-mounted microscopes into the mesoscale domain and provide a novel avenue to characterize global brain dynamics during natural behavior.
Comparison with Other Methods
Widefield microscopes for in vivo imaging at the mesoscale are typically based on a tandem lens design and a scientific grade camera, often CMOS (Ratzlaff and Grinvald, 1991) . These systems offer large FOVs, moderate NAs (0.2 to 0.3) and high frame resolution imaging, and the largest FOV demonstrated with these microscopes is small (<1 mm 2 ) compared with conventional widefield systems. A fiber-based microscope has been developed that enables widefield fluorescence imaging of voltage-sensitive dyes (Ferezou et al., 2006 (Ferezou et al., , 2007 . Although this device enables measurements over a 2 3 2 mm FOV, it lacked the ability to perform hemodynamic correction. Moreover, because the size of the FOV was determined by the number of optical fibers implanted, further increasing the FOV of the fiberscope to the size offered by cScope would have resulted in a thick cable that could restrict movement of the animal. cScope brings the power of tabletop microscopes to the headmounted domain, allowing an area more than an order of magnitude larger than in previous studies to be imaged in freely moving animals. This allows an experimenter to measure dynamics across multiple brain regions simultaneously during behavior. The FOV (>30 mm 2 ) provided by cScope is large enough to contain multiple sensory, motor, and association areas. Moreover, cScope offers the ability to simultaneously record fluorescence and intrinsic signals, which was not available in previous head-mounted microscopes.
Interpretation of the Widefield Calcium Signal
Care should be applied to the interpretation of signals obtained with cScope and, indeed, any other widefield imaging systems. One factor to be considered is the source of the calciumdependent fluctuations in GCaMP fluorescence level. Like previously reported Thy1-GCaMP mouse lines (for example, Dana et al., 2014), the transgenic rats we developed exhibit widespread cortical labeling. Because the GCaMP molecule is free to diffuse through the axons, dendrites, and somata of labeled neurons, fluorescence changes from any one pixel could reflect calcium levels in local layer 2/3 neurons, apical dendrites of deeper neurons, or the axons of long-range projections. These caveats are not unique to the system we present here but are common factors affecting the interpretation of widefield imaging experiments. A second consideration is that no method of hemodynamic correction completely corrects the contamination of the GCaMP signal from changes in blood volume and oxygenation levels. The approach taken by cScope, which uses illumination near the peak emission wavelength of GCaMP, is used widely (Ma et al., 2016; Wekselblatt et al., 2016) . However, because in our system the paths taken by the blue light and green light are different (because blue light is scattered more than green light and blue light is more strongly modulated by changes in the oxygenation level of blood), this correction cannot completely remove contamination caused by the hemodynamic response. Improvements to the correction procedure may be obtained by the use of three-color stroboscopic illumination (Ma et al., 2016) or the use of ultraviolet illumination at the calcium-independent excitation wavelength of GCaMP (Allen et al., 2017) . Nevertheless, the correction procedure we describe is sufficient to detect spatiotemporal dynamics similar to those recorded using cellular resolution imaging techniques and should be sufficient to identify new regions recruited during complex behavior.
Technological Outlook and Other Applications
The two technologies we report here, used in combination or alone, offer a variety of experimental opportunities. As we demonstrated (Figures 5E and 5F ; Figures S4A and S4B; Video S1), transgenic strains exhibit strong enough expression to allow for cellular resolution imaging. A number of techniques have been developed to allow cellular resolution imaging during behavior, including voluntary head restraint (Scott et al., 2013) , head-mounted two-photon microscopes (Helmchen et al., 2001; Sawinski et al., 2009; Zong et al., 2017) , and headmounted single-photon endoscopes (Ghosh et al., 2011; Cai et al., 2016) . Transgenics offer stable expression over time and consistent expression across space and have been popular for cellular resolution imaging in mice (Madisen et al., 2015) .
In addition, some researchers may be interested in the use of transgenics for conventional widefield imaging to characterize the topographic arrangement of sensory systems. Widefield imaging combined with calcium-sensitive dyes has been used previously to characterize the functional organization of the olfactory bulb (Verhagen et al., 2007; Wesson et al., 2008; Carey et al., 2009 ). The transgenic rats we developed provide an alternative to indicator dyes or viral delivery of genetically encoded indicators. Widefield imaging using GCaMP transgenic mice is widely used for characterizing the boundaries of secondary visual areas (Andermann et al., 2011; Marshel et al., 2011; Zhuang et al., 2017) . Previous functional maps of visual areas have been produced for rats using electrophysiology (Espinoza and Thomas, 1983 ), but GCaMP6f-expressing transgenics will enable the generation of high-resolution, high signal-to-noise maps and offer more direct comparison with maps produced in mice.
cScope also has potential for applications beyond use in transgenic rats. cScope could be used in wild-type rats in which subpopulations of neurons are labeled with GCaMP using newly developed viral labeling techniques to express protein-based indicators in a projection-specific or cell-type-specific manner (Tervo et al., 2016; Dimidschstein et al., 2016) . In addition, cScope could be used to record brain dynamics in other species. Although the weight is greater than that typically used for mice, one potential avenue would be to develop a system with custom optics to reduce the size and weight of the microscope. Another possibility would be to apply cScope to larger animals; for example, the recent development of GCaMP-expressing transgenic marmosets (Park et al., 2016) makes this an interesting opportunity.
cScope is not limited to measurement of neuronal calcium signals. Although, in this study, we measured reflectance at 530 nm to correct for the effect of changes in blood flow on our measurement of GCaMP fluorescence, the hemodynamic response itself is a signal of interest, either as a proxy for neural activity or as an indication of blood flow and metabolic activity. Another potential application of cScope would be to examine the relationship between hemodynamics and neural activity. Although, during passive sensory stimulation, the hemodynamic response is thought to follow increases in activity, it has been hypothesized that, during behavior, increases blood flow may precede activity and serve a neuromodulatory function (Moore and Cao, 2008) . Finally, modification of the LED wavelength and excitation and emission filters could allow imaging of voltage probes or other sensors.
Used in combination, the two technologies we developed offer a number of applications. Rats are adept at learning complex behaviors and, therefore, are popular as subjects for the investigation of the neural basis of decision-making. Widefield imaging would allow large swaths of the cortex to be surveyed to provide targets for either tetrode recording or cellular resolution imaging. In addition, these techniques offer a unique opportunity for studying mesoscopic dynamics during navigation, sleep, or social interactions. For example, combining our system with prism technology (Low et al., 2014) could be a particularly interesting approach to image the entorhinal cortex during 2D navigation.
Conclusion
Techniques for head restraint have been developed that allow in vivo functional imaging during sophisticated behaviors using conventional single-photon and multi-photon imaging systems (Dombeck et al., 2007; Scott et al., 2013) . However, headmounted microscopes offer the ability to record during a wider range of behaviors and require fewer modifications to existing behavioral paradigms. Although previous head-mounted fluorescence microscopes offer only a limited FOV, the system we describe here offers the ability to record dynamics across multiple brain regions. We anticipate that these technologies will provide new insight into the interactions between brain regions during complex behavior.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Dr. David Tank (dwtank@ princeton.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animal use procedures were approved by the Princeton University Institutional Animal Care and Use Committee (IACUC; Protocol #1837) and carried out in accordance with National Institutes of Health standards.
Production of Transgenic Rats
The Thy1 transgenic construct contained 4170 bp of the Thy1 gene enhancer/promoter region and 2130 bp of its 3 0 UTR region. The GCaMP6f -WPRE-bGH PA transgene was inserted into the Thy1 construct between the start codon and the XhoI site. The full insert was isolated and microinjected into Long-Evan rat embryos using standard techniques for pronuclear injection. The F0 rats were genotyped by PCR using primers in the GCaMP6f (5 0 -CATCAGTGCAGCAGAGCTTC-3 0 ) and in the WPRE (5 0 CAGCGTATCCACA TAGCGTA-3 0 ) portions of the transgene (a 248 bp PCR product is expected for transgenic rats). Differences in expression observed using the Thy1-based approach are thought to arise from differences in the local regulatory environment around transgene integration sites.
Histology and Confocal Imaging
Animals were transcardially perfused with 4% paraformaldehyde in PBS. The brain was removed from the skull and post-fixed in 4% paraformaldehyde in PBS at 4 C overnight and up to 1 week. Tissue sections (40-80 mm) were cut with a vibrating microtome (Leica). Sections were incubated at room temperature in PBS containing 10% bovine serum albumin and 0.5% triton 100 for 1 hr, then transferred to PBS containing 5% bovine serum albumin, 0.4% triton 100, and with primary antibodies (anti-NeuN and anti-GFP) in blocking solution overnight at 4 C overnight. This was followed by 3 washes in PBS and incubation in secondary antibodies (Alexa Fluor 488 goat anti-mouse IgG2 and Alexa Fluor 568 goat anti-mouse IgG1, 1:500 in PBS containing 5% bovine serum albumin, 0.4% triton 100) in blocking solution, and mounted on glass slides with liquid mounting medium (Fluormount-G, ThermoFisher Scientific). Images were acquired using a Scanning confocal microscope Leica SP8.
To characterize the variability in transgene expression four rats from each line were perfused, histological sections containing the hippocampus were generated and imaged using a confocal microscope. Next we measured the average brightness of 100 different somata within the CA1 pyramidal cell layer. This approach was taken to allow direct comparison to previous results in Thy-1 GCaMP6 mice (Dana et al., 2014) . Care was taken to insure that the histological and imaging parameters were identical across individual animals.
Two-Photon Imaging
Animals were imaged using a custom built two-photon microscope with conventional optics. The objective was a 16X water immersion objective (16X Nikon CFI LWD Plan Fluorite Objective, 0.80 NA). The excitation wavelength (Coherent, Chameleon) was 920nm. Imaging was performed in isoflurane anesthetized animals (1% in oxygen). Mosaic images were obtained using less than 250 mW average power and produced by stitching together individual fields of view using ImageJ. Spontaneous and stimulus evoked dynamics were recorded 200 microns below the cortical surface with an average power less than 105 mW. Brief (10ms) visual flashes from a blue (480 nm wavelength) LED were produced using a Master 8 controller. ROIs corresponding to active neurons were identified by CNMF (in Figure S4A as described in Pnevmatikakis et al., 2016) or by manual identification of pixels based on morphology (in Figure S4B ).
Animal Surgery
Subjects were male and female Thy-1 GCaMP6f rats aged 3 À12 months. Aseptic techniques were used throughout the surgical procedure. Implants and surgical tools were sterilized using an autoclave. Rats were anesthetized with isoflurane (1%-2% in oxygen) and placed in a stereotaxic apparatus (David Kopf Instruments). A midline incision was made in the scalp and the skin was retracted exposing the skull. After removal of soft tissue from the dorsal surface of the skull, the perimeter of a rectangular portion of skull was removed by drilling creating a rectangular bone plug that could be removed with forceps. Large (8 by 8 mm) and small (8 by 4 mm) sized cranial windows were produced. Coordinates for the vertices of each of the different sized rectangular windows are listed in the table below (Table 1 ). Since the 8 by 8 mm cranial window spanned the midline, care was taken not to rupture the sagittal sinus during drilling or removal of the bone. Our approach was based on a technique developed for microprism implantation in mice (Low et al., 2014) . Two rectangular windows from 8 mm long and 3.5 mm wide were drilled out. The bone plugs were left in place. Then the remaining 8mm by 1mm strip of bone was thinned down until it was flexible and transparent. Fragments of bone which lay over the cortex could be removed using forceps while fragments over the sagittal sinus were left in place. After thinning of the midline bone and removal of fragments, the two 3.5 by 8 mm bone plugs on either side of the midline were removed.
After removal of the bone plugs the craniotomy was flushed with sterile saline to remove debris and blood. The dura was left intact unless removal of the bone plug caused partial tearing of the dura, or blood adhered to the dura compromising the optical quality of the signal. In either of these cases the dura was removed. Depending on the craniotomy size, one of two optical windows were then implanted: 8 mm by 4 mm by 3 mm for small craniotomies; 8 mm by 8 mm by 3 mm for large craniotomies (obtained from Tower Optical). The windows were placed over the cortical surface and gentle pressure was applied until the surface had depressed roughly 200 microns below its original height. Vetbond was used at the margins of the window to secure the window to bone at the perimeter of the craniotomy. Dental Acrylic meta bond was then added to reinforce the bond. Once the window was firmly attached, the titanium ring was bonded to the skull centered over the craniotomy. Care was taken to ensure that the head plate lay parallel to the imaging surface of the glass and implanted at a height that would ensure the glass face of cScope made contact with the glass cranial window.
Comparison of Conventional Microscope and cScope
The conventional scope consisted of back-to-back objective system (Ratzlaff and Grinvald, 1991) , a 1x objective lens and a 1.6x objective (Leica M-series) connected through a large filter box holding a dichroic mirror and emission filter (THT-microscope, Scimedia Ltd, Costa Mesa, CA, USA). The camera was a sCMOS optimos (Qimaging). In both head mounted and conventional systems the animal was anesthetized using either 1% isoflurane in oxygen (at 1L/min flow rate) or a cocktail of ketamine (100mg/kg) and xlyazine (10mg/kg). The animal's body temperature was maintained either using a thermal pad (Deltaphase Isothermal Pad). Visual stimuli were mapped using a custom script written in MATLAB which used the psychophysics toolbox 3 library (http://psychtoolbox. org). The flickering checkerboard stimulus pattern and the analysis scheme for generating retinotopic maps follows Juanvinett and colleagues (Juavinett et al., 2017 ; code available at https://snlc.github.io/ISI/).
To compare the sensitivity between the two microscopes we performed a measurement of the contrast to noise ratio, the contrast being the amplitude of the time-varying calcium signals detected by the system above background, with the noise being the variability in these signals when measuring them repeatedly. The following analysis was performed on the data. In the same animal, under identical anesthesia and stimulation conditions, we recorded the response to 15 sweeps of the visual field with a checkerboard stimulus. Three pixel locations were selected in the imaging field of view. To quantify the contrast to noise ratio for each pixel we identified the maximum of the average response across the 15 sweeps and took the average over a period beginning 25 points before the maximum and 25 points after the maximum. Next we identified the minimum of the average response and took the average over a period beginning 25 points before the minimum and 25 points after the minimum. The difference of these two values we defined as the contrast of our signal. Next we performed a high pass filter (by subtracting away the 50 point smoothed average signal) on the averaged response and computed the standard deviation. This we defined as the noise. Contrast to noise was defined as the ratio between the contrast and the noise.
Recording Global Brain Dynamics Illumination The instantaneous power from the blue LED was up to 8.4mW. During 30 Hz stroboscopic illumination the Blue led was only on for 18 ms out of 66ms which resulted in an average illumination power of 2.3 mW over the imaging session. The instantaneous green LED was up to 0.360 mW while the average power was up to 0.100 mW (reduced due to stroboscopic illumination). The emission filter was a 50 nm bandpass filter centered at 525 nm and the excitation filter was a 40 nm bandpass filter centered at 470 nm.
Temperature Changes
The normal operating temperature of the rat dorsal neocortex is below the core body temperature of 37C and ranges from 34.8-36.8C (Franken et al., 1992) . As demonstrated by the work of Kalmbach and Waters (Kalmbach and Waters, 2012) , craniotomies in rodents induce changes to the baseline temperature of the underlying brain tissue. In particular, the surface temperature is slightly reduced relative to pre-craniotomy. To directly examine temperature in our rats and how this was affected by microscope attachment and LED illumination, we implanted a thermocouple in a channel on the underside of the cranial window on two isoflurane anesthetized rats. Consistent with the work of Franken et al. (1992) and Kalmbach and Waters (2012) , we found that the temperature at the cortical surface of our implant, without the microscope attached, was 33.8-34.2C. Note that cortical temperature measurements conducted under isoflurane anesthesia are approximately 1C cooler than in awake animals (Kalmbach and Waters, 2012) . After attachment of cScope, the cortical surface temperature stabilized in a few tens of seconds to a slightly reduced value within half a degree of that prior to the addition of the microscope. This is probably due to the greater thermal transport of microscope's glass objective contacting the cranial window relative to air. Powering up cScope's LEDs caused an increase of roughly 0.7C of the cortical surface over the first 15-20 min, which then plateaued. These modest increases in temperature correlate with the vasoconstriction we observe over the first several minutes of an imaging session. This vasoconstriction provided us with a means to assess the effectiveness of our hemodynamic correction ( Figure S7 ). In our experiments with anesthetized rats we did not observe cortical temperature during imaging over 34.6C or below 33.3C, implying cortical temperatures in awake rats were in the 34.3-35.6C range. Spontaneous Behavior Rats were allowed to recover for 7 days after surgery before behavioral experiments. During recovery they were housed with cage mates in a facility on a reversed light schedule. On the day of experiment both rats were transferred to a 0.5 by 0.5 m arena. The focal plane of cScope was preset to the bottom of cranial window. To that end a jig was assembled that incorporates a Siemens Star target located below a 3 mm glass window over which cScope was placed. The camera mounted on a translating arm was tuned for best focus and secured in position. cScope was then transferred onto the head of one of the animals. The 2 m cable connecting the LEDs and cScope camera to the power and data acquisition device was suspended over the center of the arena with enough slack so that the rat could move freely. Behavior was recorded using a USB camera. Behavioral video and cScope images were synchronized using freely available acquisition software (Miniscope Data acquisition (DAQ) software; Miniscope project, http://miniscope. org/index.php/Main_Page).
Accumulation of Evidence
Three adult male rats were trained in an automated high-throughput facility as previously described (Scott et al., 2015) . Once rats learned the task (> 60% performance) they were implanted with an 8 by 4 mm cranial window and head plate as described above. After one week recovery, rats were anesthetized using isoflurane (1% in oxygen) and the illumination collar was mounted on their head plate. cScope was attached and the focus was adjusted to match the surface vasculature. The illumination collar remained in place for the duration of remaining of the experiment (typically 1-4 weeks). The animals were imaged daily for 30-90 min while they performed the accumulation task. At the start of each imaging session cScope was inserted in the illumination collar, secured with a set screw and removed after completion of the session. A dust cap was placed on the illumination collar between sessions to protect the LEDs and cranial window while the rat was returned to its home cage ( Figure S3 ).
Behavioral software (Bcontol) was used to control the timing of trial events, such as the visual flashes, auditory ''go'' signal and reward, and to record the animals' responses during the imaging session. cScope images were recorded using Miniscope DAQ software as described above. Clock synchronization between the imaging files and the behavioral files were accomplished by controlled disruption of LED power which produced ''blank frames'' at specific times. At the completion of each trial the behavioral control system sent a TTL pulse to the microcontroller responsible for alternating the power supply to the LEDs. This TTL pulse temporarily closed a gate between the supply and the LED. Blank frames could then be matched with the timings of the TTL pulses recorded in the behavioral files in order to synchronize the behavioral clock and the miniscope system clock.
QUANTIFICATION AND STATISTICAL ANALYSIS
Analysis of Widefield Data
After acquisition, image files were processed using custom scripts in MATLAB. Image analysis pipeline consisted of the following stages:
1) The images from individual .avi files were combined into a single 3D matrix 2) The 3D matrix was down sampled in the spatial domain by binning 2 by 2 pixel regions and by cropping the field of view to remove the regions outside of the cranial window. 3) The imaging timestamp file was used to identify lost frames (see Methods S1 -Timestamp correction) and the system clock file was corrected. 4) The 3D matrix was split into two 3D matrices, one with frames acquired at 480 nm illumination and another at 530 nm illumination. Each matrix was then motion corrected using NoRMCorre. (https://github.com/flatironinstitute/NoRMCorre) and down sampled again in the spatial domain by binning 2 by 2 pixel regions. 5) I/Io for was computed for each pixel where I was a vector of the intensity values of that pixel on each frame and Io was the mean intensity across the imaging session. 6) Hemodynamic correction for each pixel in the 480 nm matrix was performed to obtain the estimated GCaMP fluorescence changes (see Hemodynamic correction below).
Note that in the results section and figures the term ''pixel'' corresponds to the region obtained after step 6, therefore it is equivalent to a 4-by-4 pixel area in the original camera image.
Hemodynamic Correction
To correct for fluorescence intensity changes caused by changes in the optical properties of the tissue we used an approach previously described by Kramer and Pearlstein (1979) and Ma et al., (2016) . In this approach the changes in fluorescence intensity due to blood absorption are approximated by reflectance intensity changes at 530 nm and corrected using the following equation: signal would be in the absence of varying absorption. However, at some pixel locations in the imaging window we observed reflections off the glass and metabond that significantly increased the baseline intensity values on frames recorded during 530 nm LED illumination. A consequence of these changes in baseline would lead us to underestimate I 530 =Io 530 and under correct for the hemodynamic response. Therefore, we assumed that for each pixel:
where a was an offset value produced by reflections. a was computed independently at each pixel and was allowed to vary over space, but was assumed to be static over time. Two different methods were used to identify a for each pixel. Method #1: This method for computing a used the gradual intensity increase observed over the first 10 min after placement of cScope on the animal ( Figure S6 ). We noticed a constriction of the vasculature across the imaging window after placement of cScope on the animal head. This constriction is consistent with known changes in vasodilation due to modest temperature changes (see above). In this approach a was defined as the value that minimized error according to the following equation: Method #2: To identify a for each pixel we used the component of the signal modulated by the pulse (heartbeat), typically a regular oscillation between 5 and 8 Hz: For each imaging session the pulse frequency window (pulse window) was first determined by the user by examining the power spectrum density function on the 530 nm LED channel computed by the fast Fourier transform (MATLAB function fft.m) and choosing the upper and lower bounds that framed the peak in the power spectrum at 5-8 Hz. Then a was defined as the value that minimized the power in the pulse window (pulse power) as defined by the following equation: Figure S7D . We found that both methods identified similar a values at each pixel and moreover we found that the a values determined by method #1 was effective both at reducing slow timescale fluctuations caused by vasoconstriction ( Figure S7C ) and at reducing the pulse power ( Figure S7E ). Figure S7D shows the results of hemodynamic correction using a values computed using method #2. All other figure panels containing GCaMP data with hemodynamic correction use method #1 for identifying the a values. In our imaging experiments a was at or close to 0 for most pixels ( Figure 6D ).
For some pixels, particularly those near the corners of the FOV where 480 nm illumination is low, we found that the best fit a did not correct for the hemodynamic response. Therefore, we excluded pixels from further analysis if the error for the best fit a exceeded a manually determined threshold ( Figure S6E ).
Classifier Accuracy
We used the following algorithm to calculate the accuracy with which we could predict the choice of the animal (or stimulus identify) based on the activity of individual pixels. For each pixel we created two distributions, the activity of that pixel on right choice trials comprised one distribution and the activity of the pixel on left choice trials comprised the other. Next for each pixel, we found the threshold value that maximally separated these two distributions. Classifier accuracy was defined as the average between two values 1) proportion of values from the distribution of the greater mean that was greater than the threshold and 2) proportion of values from the distribution of the lesser mean that was less than the threshold.
Evaluation of Hemodynamic Correction
One GCaMP6f-line7 rat was implanted with an optical window over V1. After recovery the animal was anesthetized using a cocktail of ketamine and xylazine and placed in front of an LCD screen. A two-second long visual stimulus, alternating full field checkerboard, was presented to the contralateral visual field. This stimulus was followed by a 10 s long iso-luminant screen, and this was repeated 180 times.
Supplemental Methods for the Fabrication and Use of cScope A detailed guide for cScope assembly and use is provided in supplementary material ( Figure S2 ; Methods S1). A full parts list, hardware designs, and software for control and analysis are available via the cScope GitHub repository (https://github.com/ PrincetonUniversity/cScope). The .dwfx assembly file can be visualized using the online freely available viewer (https://viewer. autodesk.com). We provide a MATLAB (Mathworks) routine to help quantify the parameters of the transformation to apply for image correction. Figure S1D bottom panel shows the result of the post-processing step applied to the grid image. This procedure was not applied to the in vivo imaging data we present in Figures 7 and 8 , however, it is useful if the experiment requires precise alignment with stereotaxic coordinates. Image acquisition software and other information related to the imaging camera can be obtained from the Miniscope project http://miniscope.org/index.php/Main_Page.
